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Introduction
In most nonideal azeotropic mixtures, the predominant nonideality occurs because of molecular interactions. If molecules repel each other, the activity coefficients are usually greater than unity (called a "positive deviation" from Raoult's law), in this case, minimum boiling (T min ) azeotropes could be generated. On the contrary, if molecules attract each other, activity coefficients are usually less than unity (negative deviation) and the mixtures may forms maximum boiling (T max ) azeotropes. 1 Several processes can be used in chemical industries to separate nonideal azeotropic or close-boiling binary mixtures A-B, which are azeotropic distillation, 1,2 pressure swing distillation, [3] [4] [5] [6] and extractive distillation process. 1 In azeotropic distillation, a third component E is added to the feed (A-B). A or B components become either a stable or unstable node on the residue curve map in the relevant distillation region, thus being removable as product by either an indirect Correspondence concerning this article should be addressed to J. Li at liveinsky@gmail.com or a direct split, respectively. However, this process is used for the separation of azeotropic mixture only when the boundary is curved enough in azeotropic distillation. 2, 7 The pressure swing distillation is usually used for separating some azeotrope binary mixtures whose azeotropic composition considerably varies or the azeotrope disappears when the system pressure is changed. It is reported that the pressure swing distillation is unattractive for the separation of the maximumboiling azeotrope acetone-chloroform since its composition is not very sensitive to pressure changes. 1 Accordingly, extractive distillation becomes one of the most attractive approaches for the separation of azeotropic mixtures, and the review on the comparison between the extractive and pressure swing distillation can be found in the literatures. [8] [9] [10] A lot of literature studies have concerned the design extractive distillation for the effective separation of minimumboiling azeotropic mixtures such as ethanol-water system 11 and acetone-methanol mixture. [12] [13] [14] [15] Most of these studies focus on issues related with entrainer screening and process optimization. Since the entrainer selection issue strongly determines the process feasibility, selecting an efficient entrainer is the key step in determining whether an extractive distillation process is a promising separation technique or not. 16, 17 Thermodynamic insight from the knowledge of univolatility lines and the analysis of residue curve map has been used to study feasibility of batch [18] [19] [20] [21] [22] and continuous 12, [23] [24] [25] extractive distillation for the separation of azeotropes with heavy, light, or intermediate entrainers, giving rise to extractive separation classes, which can be used to indicate direct or indirect split extractive process configurations and products. 26 Once an extractive separation class is identified, a variety of feasible entrainers can be selected. However, it is helpful to develop a systematic approach for screening these selected entrainers with the overall consideration of their cost, stability, selectivity, and ability to interact with the components of the fresh mixture that could cause their relative volatilities to either increase or decrease.
To the best of our knowledge, very few contributions have been reported to design extractive distillation for the separation of maximum boiling azeotropes in continuous mode. Some literature have concerned the batch extractive distillation process. 18, [27] [28] [29] [30] [31] The most important contribution is from Luyben, 32 who designed an extractive distillation process for the separation of the maximum boiling azeotrope acetone (A)-chloroform (B) with a heavy entrainer E, belonging to 1.0-2 separation class. However, Luyben 32 only considered dimethylsulfoxid (DMSO) as the qualified entrainer for acetone (A)-chloroform (B) system to achieve the specified separation target. No systematic approaches for entrainer screening have been presented in his work. Therefore, in this article, we propose a systematic approach for entrainer screening in design of two-column extractive distillation for the separation of maximum-boiling azeotropes with heavy entrainers. Thermodynamic feasibility analysis is first conducted for entrainers. Then, we use fuzzy logic and develop membership functions to calculate attribute values of selected five important properties. Finally, an indicator "total score" for entrainer evaluation is proposed, which is defined as the summation of weighted attribute values. A ranking list of the entrainers is generated based on their "total score." Process optimization techniques are used to further evaluate the top five entrainers from the ranking list and optimal designs of extractive distillation process using the best entrainers are generated. The proposed method is illustrated using the separation of acetone/chloroform azeotropes with five heavy entrainers (DMSO, chlorobenzene, ethylene glycol [EG] , o-xylene, and benzene). It should be noted that systematic entrainer screening is a fundamental, interesting, and significant problem in design of twocolumn extractive distillation for the separation of maximumboiling azeotropes with heavy entrainers. We are the first one to propose a systematic approach using fuzzy logic for entrainer screening and develop weighted membership functions for entrainer evaluation.
Extractive Distillation Process
A typical flow sheet for the extractive distillation process is shown in Figure 1 . The extractive distillation process typically features an extractive column and a regeneration column. The extractive column is fed with azeotropic (A1B) and entrainer (E) mixture. In extractive distillation, the entrainer is fed at a location different from the main azeotropic feed, resulting in an extractive section in addition to the usual stripping and rectifying sections. Light product A is recovered from the distillate and the mixture B1E is fed to the entrainer regeneration column. The regeneration column removes product B from the distillate and recycles the entrainer from the bottom. The recycled entrainer is cooled before going back to the extractive column to a temperature preset in the extractive column. The process needs a makeup to compensate entrainer losses along with products. The two columns are assumed to be operated at constant pressure while pressure drop is neglected in each column.
Systematic approach to design of extractive distillation
The proposed approach to the design of an extractive distillation for the separation of maximum-boiling azeotropes with heavy entrainers is illustrated in Figure 2 .
In Figure 2 , we first conduct a process feasibility analysis on residue curve maps and volatility orders of the ternary A-B-E system. Thermodynamics insight from these analysis help to identify the feasibility with promising entrainer candidates for the separation of azeotropic mixtures A-B from all potential entrainers (i.e., Step 1 in Figure 2 ). Second, physicochemical and process-related properties of entrainer candidate's desired properties are analyzed (i.e., Step 2 in Figure 2 ) and five important properties are selected for entrainer evaluation. Third, membership functions are developed and used to calculate attribute values of selected five important properties. These attribute values are weighted and summed together to generate an indicator "total score" for entrainer ranking (i.e., Figure 1 . A typical extractive distillation process flow sheet.
Step 3 in Figure 2 ). In the fourth step, top five entrainers from the ranking list are further evaluated through a rigorous process optimization using sequential quadratic programming (SQP) method. Steps 1 through 4 are iterated through until a low total annualized cost (TAC) is achieved. Finally, we determine the best entrainers and corresponding optimal designs of two-column extractive distillation process for the separation of maximum-boiling azeotropes. We next present each step in detail.
Process feasibility thermodynamic analysis
Conventionally, an entrainer E has a higher boiling temperature than A and B.
1,33 However, light or intermediate boiling entrainers can be used as well. 34 Inspired by the work of Laroche et al., 23 Rodr ıguez-Donis et al. 18, 19 proposed a general feasibility criterion for batch extractive distillation after analyzing the ternary diagram A-B-E residue curve map and the location of the volatility order regions set by univolatility curves. 20 It states that "homogeneous batch extractive distillation process of a A-B mixture with entrainer (E) feeding is feasible if there exists a residue curve connecting E to A or B following a decreasing (a) or increasing (b) temperature direction inside the region where A or B are the most volatile (a) or the heaviest (b) component of the mixture." 18, 19 This criterion has already been extended to continuous extractive distillation. 24, 25 Application of the thermodynamic criterion provide the information on product feasibility, which product goes up or down, using a rectifying or stripping column, operating parameter value, and entrainer efficiency.
Conversely, we use ternary diagram to illustrate feasible regions and topological features of ternary systems. Azeotropic ternary diagrams properties have been well studied and are classified according to Serafimov's class, which also indicates the occurrence among known ternary diagrams. 35 Typical azeotropic ternary systems in extractive distillation can generally be classified into 1.0-1a class and 1.0-2 class. While 1.0-1a class is defined to separate a minimum boiling azeotrope using a heavy entrainer or a maximum boiling azeotrope with a light entrainer, 1.0-2 class is defined for the separation of a minimum boiling azeotrope with a light entrainer or a maximum boiling azeotrope with a heavy entrainer. Our previous work 36 has concluded that up to 53% of azeotropic mixtures that are suitable for separation using extractive distillation belong to Serafimov's classes including 0.0-1 (lowrelative-volatility mixtures), 37 20 Corresponding to the maximum boiling azeotrope separation with a heavy entrainer, Serafimov's class 1.0-2 ternary diagram is represented on Figure 3 . Its occurrence in literature is 8.5%. 35 The 1.0-2 class diagram displays a residue curve map (RCM) stable separatrix, which divides the composition space into two distillation regions. The outstanding feature is that the general feasibility criterion is fulfilled by both A and B at the same time, wherever the univolatility curve a AB 5 1 lies. Therefore, they can both be distillate products, depending on the location of the global feed composition x F 1 x FE , either in BAE and BEA (B product) or in ABE and AEB (A product). However, two subcases arise, as the a AB 5 1 location sets different maximum entrainer-feed flow rate value for either A or B. For the case (1.0-2)-M1 (Figure 3a) , there exists a maximum entrainer-feed flow rate (F E /V) max,A for separating A as the curve a AB 5 1 intercepts the edge A-E. There is no limit entrainer-feed flow rate for separating B. For the case (1.0-2)-M2 (Figure 3b) , behaviors related to A and B are reversed. 
Entrainer property analysis
As discussed before, the effectiveness of an extractive distillation process largely relies on an efficient (i.e., economic) extractive entrainer. The performance of an entrainer is often evaluated based on its relative volatility, 13,39-41 solubility power, 13, [39] [40] [41] boiling point, 13 molecular weight, and melting point. 39 Inspired from these studies, we summarize that a potential entrainer should be evaluated over properties in three categories: (1) pure entrainer properties such as boiling point, vapor pressure, molar volume, melting point, and critical properties; (2) process-related properties including relative volatility, solubility power, phase stability criterion, 42 and (3) Sustainability-related criteria such as LC 50 , environmental waste, impact, health, and safety. From an economic point of view, relative volatility and solubility power are the two most important properties for the evaluation of an entrainer performance. 13, [39] [40] [41] 43, 44 The third important property is boiling point. 13, 44 The fourth important properties are molecular weight and melting point. 40 The molar volume of the (heavy) entrainer is interesting mainly in the case of batch extractive distillation where it is accumulated in the reboiler and hence the volume of the entrainer fed decreases the amount of binary charge to be processed in one batch. 45 In continuous extractive distillation, it is interesting only from the point of view of its storage. Therefore, we select boiling point, melting point, vapor pressure, and molecular weight from the first category. In the second group, we select relative volatility and entrainer power, which are defined in the following. Phase stability and sustainability-related criteria from the third group are not considered in this article.
The relative volatility, denoted as a A,B , is defined as the ratio of vapor-liquid equilibrium (VLE) distribution constant. That is
where c A and c B denote activity coefficients of components A and B in a liquid phase, respectively; P 0 A and P 0 B stand for saturated vapor pressures of A and B, respectively.
Although a A;B varies with compositions, 22 it is custom to use the infinite dilution ratio as follows
where c 1 A;S is the activity coefficient for a trace of species A in an entrainer, and c 1 B;S is the activity coefficient for a trace of species B in an entrainer. The fugacity of pure compound liquid in a reference state was supposed to be equal to the vapor pressure. Note that a A,B can also be used to estimate the selectivity ratio of an entrainer. 46 Therefore, a higher value of a
indicates that fewer entrainers are required in an extractive process, which can reduce the energy in the extractive column and the total recovery cost in the entrainer recovery column. The solubility power criterion also called entrainer capacity S 40 p , is defined by Kossack et al. 13 as follows
Jork et al. 47 stated that an entrainer with a low capacity often possesses a high selectivity. It is found that the entrainer capacity is in a better agreement with the TAC of optimized process flow sheet that the selectivity alone. 13 In addition, from Eq. 3, it is concluded that a small value of the activity coefficient c 1 A;S indicating the strong interactions between component A and an entrainer, can result in a large capacity or solubility power for the entrainer.
Entrainer evaluation and ranking through fuzzy logic
To implement the aforementioned properties, Kossack et al. 13 imposed some strict limits on each property to screen out undesired entrainers. To screen the entrainers whose properties satisfy all imposed limits, they are evaluated with the so-called rectification body method the minimum energy demand of each related process. Then they used rigorous mixed-integer nonlinear programming (MINLP) to assess each preliminary design performance with a rigorous MESH (Mass balance equations, Equilibrium equations, Summation of mole fraction equations, and Heat or enthalpy balance equations) model. This requires a huge computational effort.
In the above work, some good entrainers may be eliminated when are out of the bounds set on the property values. However, bearing in mind that property prediction models are inaccurate, some of those candidate should be kept within some tolerance. To achieve this target, we apply a fuzzy logic to represent entrainer property specifications.
Determining appropriate fuzzy membership functions is a key issue in fuzzy logic. The membership function fully defines a fuzzy set and provides a measurement of the degree of similarity of an element (e.g., a property) to a fuzzy set. The membership function maps elements into numerical values in the interval [0, 1]. While a value of zero implies that the element does not belong to the set, a value of unity means that the element fully belongs to the set. 48 The membership function can be any form such as triangular, trapezoidal, piecewise-linear, Gaussian, and bell-shaped, which can be chosen by the user according to the characters of target objective or designed using machine learning methods (e.g., artificial neural networks, genetic algorithms, etc.). Figure 4 illustrates a typical triangular member function, which is described using Eq. 4 given below
where a, b, and c represent the x coordinates of three vertices of l A (x) in a fuzzy set A. a is a lower boundary, and c is an upper boundary where membership degree is zero. b represents the center value, where the membership degree is 1. Usually for each degree a linguistic description is used, for example, bad, acceptable, good, and very good. Next, we propose fuzzy membership functions for those five properties. For the relative volatility under infinite dilution, If a 1 A;B < 1, the entrainer is not suitable because in the case of a maximum azeotrope separation with a heavy entrainer we are concerned with, it indicates that there exists a limit for the entrainer flow rate to recover acetone as distillate. 18, 24 It is considered to be a bad entrainer and l(a 
For the solubility power (S p ), an entrainer can be considered as very good if S p is greater than 0.5. When S p is less than 0.02, it indicates a poor capacity entrainer, and therefore, the evaluation value would be 0. 40 Similarly, the function is evaluated by different degrees of 0.3 and 0.7, when S p is between 0.02-0.135 and 0.135-0.5, respectively. The membership function of solubility power is defined as follows 
To facilitate the recycling of a heavy entrainer from components with highest boiling point in the regeneration column, its boiling point is usually 30-150 K higher than that of any component in the mixture to reduce more energy in vaporization of a boiling component. 49, 50 The following membership function of boiling point is established in Eq. 7
where, T max b is the highest boiling point among components in the mixture to be separated.
Regarding the entrainer melting point, it is better for an entrainer not to freeze at room temperature, which is taken equal to 303 K. The melting point of an entrainer is considered to be excellent if T m 273 K. 51 The following membership function of melting point is established in Eq. 8
Regarding the molecular weight of an entrainer; it is correlated with other physical properties such as density and boiling point, which are known to increase along with carbon number. 52 Based on the work from Schwarz and Nieuwoudt 53 and Takanohashi et al., 54 we set molecular weight upper limits as 180 g/mol for alkane series, and 240 g/mol for naphthenic and aromatic hydrocarbons. 
Now, we create an entrainer evaluation set U with five members U 1 , U 2 ,. . ., U 5 , which are for relative volatility, solubility power, boiling point, melting point, and molecular weight, respectively. Each member describes the degrees of a property performance for an entrainer used in an extractive distillation.
Then, each property attribute value is weighted and the weighted attribute values are summed together to develop a total score indicator, T score , as given in Eq. 12
where w 1 , w 2 , w 3 , w 4 , and w 5 denote weight factors for relative volatility, solubility power, molecular weight, boiling point, and melting point, respectively. A higher total score (T score ) for an entrainer represents better performance. The weight factors assigned to each property should be chosen to suit the specific problem and evidently affect the final solution. 55 Based on studies in the literature 13, 38, 39, 43, 55, 56 and our own experience, we conclude that the relative volatility, and solubility power are more important than the other properties, and boiling point is more important than molecular weight, and melting point. Therefore, the weight factors for those five properties should satisfy the following relationship,
Process optimization
In the literature, optimal solutions for extractive distillation are first sought using sensitivity analysis on process variables, including reflux ratio, ratio of entrainer flow rate to feed flow rate, distillate flow rate, and the number of trays in rectifying, extractive, and stripping sections. 13, 14, 57, 58 However, the sensitivity analysis approach may not consider effects arising from correlated variables, and hence, is likely to fail to obtain the optimal solution. Optimization techniques like linear programming, nonlinear programing (NLP), mixed-integer linear programming, and MINLP have been developed to overcome this drawback. 59 Before we present our proposed formulation, we first define all variables in the model. The variables for the extractive column are defined as follows: the entrainer flow rate is noted as F E , the reflux ratio is defined as R 1 , x A , D1 as the purity of distillate A, x B,W1 as the bottom impurity of B in the extractive column, total number of stages is represented by N ext , mixture feed stage is N FF , entrainer feed stage is denoted as N FE , Q r1 and Q c1 are defined as heat duty of the reboiler and condenser, respectively. The variables for the entrainer regeneration column are defined as follows: the reflux ratio is denoted as R 2 , total number of stages is defined as N reg , entrainer feed stage is N R , x B,D2 and x E,W2 are used to denote the purity of distillate B and bottom purity of entrainer E in the entrainer regeneration column, Q r2 and Q c2 represent heat duty of the regeneration column, respectively. First of all, the purity of distillate A in the extractive column must satisfy some minimum purity requirement (denoted as minA_D1).
Similarly, the bottom impurity of component B must not exceed some requirement (maxB_W1)
Similar constraints can be written in the entrainer regeneration column as follows,
where minB_D2 and minE_W2 are the minimum requirements for the purities of components B and E in entrainer regeneration column. The lower and upper bounds for the operational continuous variables are given as follows,
Since the process optimization are conducted through the SQP solver built in Aspen plus V R process simulator, many other constraints (mass balance equations, equilibrium relations, enthalpy balance relations, etc.) are implicitly incorporated in Aspen plus V R process simulator, which are not presented here.
Our objective is to minimize process energy consumption in the reboiler and condenser of both the extractive and regeneration columns, which is the same as that of You et al. 15 We use OF to represent process energy consumption, which is calculated as follows
where k represents product price factor; m represents energy price difference factor for water in the condenser and heating fluid in the reboiler. Note that some other objective functions in the literature could also be used such as TAC, 1, 60 and heat duty ratio. 57 The complete process optimization model named as CPOM is presented as follows
subject to: Eqs. 15-21 and other constraints implemented in Aspen plus V R process simulator We select top five entrainers from the ranking list. For each selected entrainer, the entire process optimization procedure can be described as follows, First, Aspen plus simulator builtin SQP method is used to solve model CPOM under a given column structure. The process is run with the RadFrac model in Aspen Plus in which the original UNIversal Functional Activity Coefficient (UNIFAC) model is used to calculate the activity coefficient in VLE. Second, a sensitivity analysis is performed to find optimal discrete values of the feed tray locations and total number of stages, while SQP is ran for each set of discrete variable values within bounds: (23) min N FF N FF max N FF (24) min N FE N FE max N FE (25) min N reg N reg max N reg (26) min N RF N RF max N RF (27) The final optimization is found through minimizing OF value. Finally, the TAC is calculated to compare the separation sequences and evaluate selected entrainers. The TAC based on Douglas' cost formulas 61 is defined as follows 15, 62 TAC ¼ capital cost payback period 1operating cost (28) where the capital cost includes the column shell cost, tray cost, condenser cost, and reboiler cost. The operating cost covers the energy cost in reboilers and condensers, the payback period is considered as 3 years, and Douglas's cost formulas are used with Marshall and Swift inflation 2011 index (M&S 5 1518.1). 63 All parameters used for TAC calculation are shown in Table 1 .
Results and Discussions
We use the separation of acetone-chloroform (A-B) mixture as an example to illustrate the proposed design method. The acetone-chloroform (A-B) mixture forms a maximumboiling azeotrope at x azeo,Acetone 5 0.34, T 5 337.6 K, and P 5 1 atm. In the literature, DMSO (E 1 ), chlorobenzene (E 2 ), EG (E 3 ), o-xylene (E 4 ), and benzene (E 5 ) are five entrainers that have been proposed for conducting this separation. 1 The acetone-chloroform (A-B) system with any of these five entrainers (E 1 -E 5 ) gives rise to a ternary mixture A-B-E, which belongs to 1.0-2 class.
Thermodynamic feasibility insight
Following the proposed design method in Figure 2 , we first conduct thermodynamic insight analysis for the process feasibility combining the analysis of residue curve maps and volatility order (i.e., 1.2).
The azeotropic behaviors of the acetone-chloroform (A-B) mixture with heavy entrainer DMSO (E 1 ), chlorobenzene (E 2 ), EG (E 3 ), o-xylene (E 4 ), or benzene (E 5 ) are shown in Table 2 . From Table 2 , it can be observed that ternary mixtures A-B-E demonstrate the same singular properties and they all belong to the same 1.02 Serafimov's class with a reported occurrence of 8.5%. 35 Figure 5 depicts the thermodynamic features for the ternary mixture acetone-chloroform-chlorobenzene. Similar principles can also be generated for the rest ternary mixtures including acetone-chloroform-DMSO, acetone-chloroform-EG, acetone-chloroform-Benzene, and acetone-chloroform-oxylene. In Figure 5 , the univolatility curve a AB 5 1 reaches the binary side B-E when using these heavy entrainers. Based on the feasibility analysis presented in Figure 3 , both acetone and chloroform can be recovered as products. 18, 24 For each of the selected heavy entrainers, the univolatility curve a AB 5 1 reaches the entrainer-chloroform edge. Therefore, there is no maximum entrainer flow rate to recover acetone which is our goal.
Laroche et al. 23 acknowledged that the acetone-chloroform separation could be performed by azeotropic distillation as well in which the entrainer is directly added to the mixture because acetone and chloroform are both unstable nodes of the residue curve map. Lang et al. 27, 28 showed that it is better to use extractive distillation for the separation of acetone-chloroform (A-B) mixture rather than azeotropic distillation because the entrainer feed generates an extractive separatrix that is also curved and closer to the B-E side than the RCM stable separatrix, thus increasing the feasible region in which A is the unstable node. In a brief, the extractive distillation improves the recovery yield of component A as the first distillate cut. 18, 19, 27, 28 Results from entrainer property analysis Physicochemical properties of acetone-chloroform (A-B) mixture such as molecular weight (MWs), boiling point (T b ), and melting point (T m ) are given in Table 3 . The saturated vapor pressure for acetone-chloroform azeotrope is calculated using the correlation given below (29) where the values for T, a, b, c, d, and e are presented in Table  3 . The results for saturated vapor pressure are also given in Table 3 . From Table 3 , it can be observed that acetone and chloroform have very close saturated vapor pressure and boiling point.
The original UNIFAC model is used to compute activity coefficients of VLE evaluate the five thermodynamic properties at atmospheric pressure that we selected. The results are presented in Table 4 . From Table 4 , it is observed that the five entrainers have rather different values of these properties which will translate into different total score that are now discussed.
Results from entrainer evaluation and ranking through fuzzy logic
We use the proposed membership functions (i.e., Eqs. 5-10) to calculate property attribute values and total scores for E 1 -E 5 . The weighting factor values assigned for E 1 -E 5 from Eqs. 13 and 14 are given as follows, 
Note that the assignment in Eq. 30 reflects that relative volatility, solubility power, and boiling point are considered as the main selection criteria to screening entrainers based on computer-aided molecular design (CAMD) approaches for an extractive distillation process. 13, 40, 46 To validate the rationality of assigned weighting factor values that should meet the requirement in Eqs. 13 and 14, a sensitive study is conducted using five scenarios with different assigned weight factors. Table 5 gives the weighting factor values for each scenario. Consequently, the total scores of E 1 -E 5 for each scenario are obtained in Table 6 . Although we change the assigned weighting factor values, resulting in a little bit change of total scores for E 1 -E 5 , the same ranking is obtained. In other words, if the assigned weight factors change a little bit and satisfy the conditions in Eqs. 13 and 14, the ranking for E 1 -E 5 will not change. The possible reason is that the attribute values for those five properties of E 1 -E 5 are distributed between 0 and 1, which are small values. The total scores for E 1 -E 5 do not change significantly with those small attribute values when changing assigned weighting factor values within a reasonable region restricted by Eqs. 13 and 14.
The computational results are presented in Table 7 . As it can be seen from Tables 4 and 7 ) for that property which reaches 0.9606. Conversely, the attribute value for the solubility power (S P ) and the boiling points are the smallest. Hence, the total score for EG (E 3 ) reaches 0.5556. It remains the highest value of all five entrainers because of the highest weight factor is assigned for relative volatility in total score calculation. For DMSO (E 1 ) that has the second best attribute value l(a ) and the best attribute value l(S P ), the total score reaches 0.5229 because the attribute values for boiling point and melting points are low. Finally, we observe that the lowest total score is 0.3621 for benzene, closely followed by 0.3918 for chlorobenzene due to the fact that benzene boiling point is too low and the relative volatility attribute is low whereas chlorobenzene has a very low attribute value for the relative volatility. The total scores of E 1 -E 5 are ranked in the following order: EG > DMSO > o-xylene > chlorobenzene > benzene.
Process optimization
In this part, we run an optimization based on the total energy consumption per distillate product of the process including both the extractive distillation column and the entrainer regeneration column for each five entrainers. We rank them according to the TAC of each process and compare them the ranking proposed by the fuzzy logic-based total score. The operating conditions are kept constant for all entrainers and are given in Table 8 . Starting from a 100 kmol/ h equimolar feed acetone-chloroform, the distillate flow rate form both columns are fixed to 50 kmol/h with at least 0.995 purity. Both columns operate at 1.1 atm with no pressure drop. Feed temperature for the extractive column is set equal to 320 K, whereas the regeneration column is fed at boiling point by the bottom stream of the extractive column. The lower and upper bounds of the operating variables are estimated using the sensitivity analysis, and the results are given in Table 9 . Table 3 . Physicochemical Characteristics of Acetone-Chloroform Mixture
Parameters in Antoine Equation

Components
Pressure During optimization process, it is observed that for each case, there is a nonmonotonic effect on each manipulated variable as was acknowledged by many authors. 1, 12 For instance, R 1 , R 2 , and entrainer feed flow rate will be affected by the feed stages N FF , N FE, and N RF . For a given entrainer flow rate, there is an optimal reflux ratio R 1 that yields the maximum acetone purity. The higher the entrainer flow rate, the higher the acetone purity can be obtained but then the OF and TAC figures also increase. The impurities of chloroform and entrainer are affected by the entrainer flow rate and reflux ratio R 1 . Increasing the entrainer feed flow rate decreases the chloroform impurity but increases the entrainer impurity.
The final optimization results for E 1 -E 5 are given in Table  10 . Figure 6 explicitly illustrates total scores and optimal TAC values for E 1 -E 5 .
From Table 10 and Figure 6 , we observe that the process TAC for the separation of the acetone-chloroform mixture with E 1 -E 5 are ranked as E 3 (EG) < E 1 (DMSO) < E 4 (oxylene) < E 2 (chlorobenzene) < E 5 (benzene). Furthermore, this is consistent with the total score ranking based on thermodynamic properties of the entrainers and mixture A-B.
The TAC value of $630,000 using E 1 (DMSO) and $610,000 using E 3 (EG) is much smaller that the TAC for the three other entrainer candidates. The process with DMSO supremacy verifies the recommendation of Luyben to choose that entrainer to achieve 0.995 pure products with the same main feed and distillate flow rates. 32 The DMSO design figures are very close to those reported by Luyben 32 thus validating our design.
It is worth mentioning that Luyben 1 concluded that EG, chlorobenzene, and o-xylene are not suitable to separate the acetone-chloroform mixture with the desired separation specifications. From Table 10 , we show that all entrainers can achieve the separation with the purity targeted by Luyben.
1 E 3 (EG) is a very good candidate as the process TAC is similar to DMSO's one. Indeed, EG (E 3 ) allows one to use the lowest reflux ratio (0.203 for extractive column and 0.369 for regeneration column). This is typically related to the fact that the relative volatility of EG is the largest one among E 1 -E 5 (Table  4) . However, the entrainer feed flow rate is the lowest for DMSO (i.e., 164.9 kmol/h) followed by the value with EG (i.e., 221.5 kmol/h). The possible reason is that DMSO has a much higher solution power value than others, which leads to a lower feed flow rate of DMSO. From Table 10 , it can also be observed that the duties for condensers and reboilers in the extractive distillation column and in the regeneration column are slightly lower for EG than for DMSO and are much smaller than for the other entrainers (i.e., E 2 , E 4 -E 5 ). These results are correlated to the reflux ratio values and the entrainer feed flow rate: DMSO with the lowest entrainer flow rate requires almost the same boiler duty with that of EG because the separation requires a higher reflux ratio for DMSO than for EG.
Similarly the heat duty for E 2 (chlorobenzene) is very large because the E 2 feed flow rate of 1659.2 kmol/h to the extractive column entrainer flow rate is by far the greatest of all entrainers and a large reflux ratio of 9.803 for the regeneration column is needed to achieve the target product specifications. This is because the acetone-chlorobenzene system does not have a large relative volatility (i.e., 1.2527 in Table 4 ), which leads to difficulty in attaining the desired acetone purity. When E 5 (benzene) is used as the entrainer, a large reflux ratio (i.e., 26.1) of the regeneration column is needed as the boiling point of benzene is closest to that of chloroform among E 1 -E 5 . Notice that for benzene the entrainer feed and main feed trays locations are one tray apart. Typically, this indicates that the azeotropic distillation process, also feasible, is likely a better design than the extractive distillation process. The inherent problem of using benzene as the entrainer should be related to the ease of attaining higher purity levels in extractive distillation with DMSO as entrainer with only modest increases in R and entrainer flow.
Based on the above discussion, one can conclude that DMSO (E 1 ) and EG (E 3 ) are the two best entrainers for the separation of acetone-chloroform system. The optimal design of the two-column extractive distillation process for DMSO is similar to the one published by Luyben. 24 The one with EG (E 3 ) is illustrated in Figure 7 . The liquid composition and temperature profiles in the extractive column and the regeneration column with EG (E 3 ) are given in Figure 8 . It is noticed that the goal of the extractive section is fulfilled in preventing the entrainer EG (E 3 ) from going significantly into the rectifying section. With high attribute value of entrainer evaluated through fuzzy logic, only very small value of reflux ratios are required for both extractive and regeneration columns. From  Figures 8a, c , the flat composition profiles cannot be generated. Hence, a large number of stages for each section are required to achieve the specified targets.
Conclusions
In this article, we proposed a systematic approach to the design of an extractive distillation for the separation of maximum-boiling azeotropes with heavy entrainers, considering also the entrainer regeneration column. The proposed method was illustrated using the separation of acetone/chloroform azeotropes with five heavy entrainers (DMSO, chlorobenzene, EG, o-xylene, and benzene). The thermodynamic insights suggested that (1) acetone-chloroform (A-B) mixture with all those heavy entrainers E belong to the same 1.0-2 Serafimov's class ternary diagram; (2) acetone is chosen as a distillate product with a larger feasible region than that of chloroform as the extractive separatrix is curved and closer to the B-E side than the RCM stable separatrix. (iii) a prescreening of the entrainer performance can be made and the ranking obtained is confirmed by the optimization of the full process. The prescreening uses fuzzy logic attribute values related to properties: the relative volatility under infinite dilution, the Figure 7 . Optimal design of steady-state two-column extractive distillation process using EG.
solubility power of the entrainer vs. the product, the entrainer molecular weight and boiling and melting points. The optimized results are discussed in relation with the properties to explain the correlation between the entrainer prescreening ranking and the key operating parameters that correspond to an optimal design. Both the prescreening ranking and the optimized process results demonstrated that EG and DMSO are the best entrainers for the separation of acetone-chloroform system using extractive distillation followed by o-xylene, chlorobenzene, and benzene. Finally, optimal design of steady-state two-column extractive distillation process using EG are presented.
The proposed method can incorporate additional properties such as phase stability and sustainability-related properties for entrainer screening. It can also be extended to screening more potential entrainer candidates for other ternary Serafimov's classes using CAMD.
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